β-Functionalization of α,β-unsaturated carbonyl compounds has been very important topic in synthetic organic chemistry. Among the various methods for effecting β-functionalization of α,β-unsaturated carbonyl compounds we have been interested in the dipole reversal process utilizing the phosphoniosilylation reaction of α,β-unsaturated carbonyl compounds with triphenylphosphine (Ph 3 P) and tert-butyldimethylsilyl triflate (TBSOTf).
1-4 As a part of research programs exploring the scope and application of this process, we have recently studied the ring-opening reactions of epoxides with ylides 2 obtained from the phosphoniosilylation products of α,β-unsaturated carbonyl compounds (Scheme 1). 5 In the studies we have found that ringopening reactions of epoxides with ylides 2 in THF proceed in two different pathways depending on the identity of a Lewis acid added as a reaction promoter. While the reaction in the presence of TBSOTf as a Lewis acid yielded three-component coupling products 4 exclusively, 5a ring-opening products 5 were obtained predominantly with the use of BF 3 ․OEt 2 .
5b Although less prevalent than the nucleophilic ring-opening of epoxides, the equivalent reaction of oxetanes has also exhibited broad versatility in organic synthesis. 6 Thus, we became interested in investigating the ring-opening reaction of oxetanes with ylides 2 (Scheme 2). Herein, we wish to report the results in these studies.
At the outset, we planned to acquire ring-opening products 7 rather than three-component coupling products 8 (Scheme 2), since compounds 7 are usually more useful than 8 from a synthetic point of view. Upon scrutinizing the results from the ringopening reactions of epoxides with ylides 2 (vide supra) 5b and examples of nucleophilic ring-opening reactions of oxetanes, 6a-c we considered BF3․OEt2 as a suitable Lewis acid to facilitate the oxetane-ring opening process for the purpose. And although less reactive than epoxides, oxetanes were envisaged to undergo the desired ring-opening reaction under the similar reaction conditions to those in the BF 3 ․OEt 2 -assisted ring-opening of epoxides with 2. Thus, we began to examine BF3․OEt2-promoted ring-opening reactions of oxetanes using ylide 2b derived in situ from 2-cyclohexen-1-one 1b and trimethylene oxide 6p as model substrates. When the ylide 2b was reacted with the model oxetane 6p in the presence of BF 3 ․OEt 2 in THF at -78 o C, and the resulting reaction mixture was then treated with saturated aqueous NaHCO3 solution at -78 o C to rt in the same reaction vessel, an oxetane ring-opening product 7bp was obtained in high 88% yield.
Encouraged by the success of the ring-opening of an oxetane 6p with the ylide 2b, the procedure was employed to various oxetanes and ylides (Scheme 2). The whole process involves four steps: (1) phosphoniosilylation of enones 1a-c with Ph3P and TBSOTf, (2) ylide formation with n-BuLi, (3) oxetane ringopening reaction in the presence of BF 3 ․OEt 2 and (4) desilylative elimination of Ph3P. However, since this four-step sequence is carried out in the single reaction vessel, the resulting β-(3-hydroxy)alkylated products of enones can be obtained in very efficient and practical sense. The selected results are shown in Table 1 and demonstrate the efficacy and applicability of the process. This process works well in cyclopentenone and cyclohexenone series such as 1a-c. With trimethylene oxide 6p (entries 1, 4, and 7), the alcohols 7a-c were obtained in good to high yields (78 -88%). With oxetanes 6q 7 and 6r 7 possessing an alkyl substituent at the 2-position of oxetanes (entries 2, 3, 5, 6, 8, and 9), the alcohols 7a-c were obtained as exclusive products in good yields (66 -82%). The results indicate that the ringopening reactions of oxetanes 6q and 6r with ylides 2 in the presence of BF 3 ․OEt 2 also proceed with high regioselectivities, similarly to the previously reported ring-opening reactions of epoxides 3 with the ylides 2 in the presence of BF3․OEt2. 5b 3,3-Dimethyloxetane 6s was also subjected to the reaction sequence. However, the results attending this procedure were disappointing. No significant amounts of products were obtained. These results can be understood, considering the reacting center of 3,3-dimethyloxetane 6s to be neopentyl-like. Although the applicability of this process to acyclic enones was also tested, such efforts proved fruitless. Either no significant amounts or poor yields of products were obtained. Either lower reactivity of ylides or decomposition of oxetanes and ylides might be responsible for such unsuccessful outcomes in those cases.
In summary, we have shown that ring-opening reactions of oxetanes with ylides, derived from the phosphoniosilylation products of cyclic enones, can be successfully executed by the use of BF 3 ․OEt 2 as a Lewis acid. The whole four-step one pot process provides an efficient tool for the access of β-(3-hydroxy)-alkylation of cyclic enones.
Experimental Section
Preparation of 3-(3-hydroxypropyl)cyclohex-2-enone 7bp (General procedure). To a solution of triphenylphosphine (87 mg, 0.33 mmol) in tetrahydrofuran (1.5 mL) was added TBSOTf (76 μL, 0.33 mmol) and 2-cyclohexen-1-one (29 μL, 0.30 mmol). After being stirred at room temperature for 1.5 h, the reaction mixture was cooled to -78 o C and n-butyllithium (267 μL, 1.46 M in hexanes, 0.39 mmol) was added dropwise to give a dark brown-colored solution. After the mixture being stirred for 1 h, trimethylene oxide (29 μL, 0.45 mmol) and BF 3 ․OEt 2 (57 μL, 0.45 mmol) was added dropwise. The reaction mixture was stirred for 1 h and saturated NaHCO3 solution was added. After being warmed to room temperature, the reaction mixture was stirred for 1 h. The usual extractive work-up and flash column chromatography (hexane:CHCl3:EtOAc = 1:1:4) gave 7bp (40 mg, 88%). 3457, 2946, 2877, 1700, 1650, 1606, 1454, 1427, 1375, 1351, 1261, 1162, 1031, 966, 889, 755, 638 cm 
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